We derive new CMB anisotropy power spectrum and BBN constraints for evaporating primordial black holes by explicitly solving the electromagnetic particle cascades of emitted particles and the deposition of this emitted energy to the background baryon-photon plasma. We show that the CMB anisotropies can provide stronger constraints compared to BBN and CMB spectral distortions on black holes with masses as small as M BH = 1.1 × 10 13 g, a slightly smaller mass than what has been considered in literature until now. We also show that, with more up-to-date data on abundances of deuterium and helium-3, BBN constraints are strengthened significantly.
Introduction
Primordial black holes (PBH) have recently gathered attention as an explanation of dark matter [1] in light of the discovery of gravitational waves from the merger of black holes with the mass of tens of solar mass [2] . Regardless of whether PBH form a dominant component of dark matter today, evidence for their existence at any time in cosmic history, in any mass range, would give great insight into the initial conditions and, in particular, the initial density fluctuations of the universe (for a recent summary of these constraints, see [3] ). PBHs are formed in the radiation dominated era when the radiation pressure is not able to resist the gravitational collapse in overdense regions [4] [5] [6] . Mass of the black hole, produced in this scenario, is of the order of horizon mass [6, 7] . Due to formation at different epochs, mass of PBHs can vary from Planck mass relics to ∼ 10 10 times heavier than the mass of the Sun [3] . Although PBH formation with extended mass spectrum is likely [8, 9] , we will restrict ourselves to monochromatic PBH mass function in this work so as not to restrict ourselves to a particular model. Since PBHs are formed due to early universe small scale fluctuations, their abundance today puts constraints on the initial power spectrum on small scales [10, 11] . Therefore, deriving accurate constraints on the allowed abundance of PBHs through various cosmological probes is a subject of great interest today. In this paper, we calculate constraints on the allowed abundance of PBHs in the mass range ∼ 10 11 − 10 17 g from CMB (Cosmic Microwave Background) anisotropy power spectrum, CMB spectral distortions and BBN (Big bang nucleosynthesis). There are constraints on accreting solar mass black holes in the early universe from CMB spectral distortions and CMB anisotropy power spectrum [12] [13] [14] but we will not consider them here.
Injection of energetic electrons, positrons and photons around the recombination era (at redshift z ∼ 1000) can heat the background baryon-photon plasma or, if the injected particles are sufficiently energetic (> 10.2 eV), they can excite and ionize neutral hydrogen and helium. Additional ionizations due to extra energy injections lead to a higher freezeout free electron fraction at the end of the recombination epoch (z 1000) as compared to the standard recombination history [15, 16] . Increased scattering of CMB photons with free electrons leads to the damping of the CMB temperature anisotropy power spectrum and a boost in the polarization on large scales [17] [18] [19] [20] [21] . Electromagnetic energy injection at z 2 × 10 6 into the baryon-photon fluid results in y, i, and µ-type spectral distortions (collectively called yim distortions hereafter) in the non-relativistic theory [22] [23] [24] [25] [26] [27] [28] [29] . Recently, it has been shown that for energy injection at z 2 × 10 5 , relativistic effects are important [30, 31] . At z > 2 × 10 6 , photon number non-conserving processes establish a Planck spectrum and erase any CMB spectral distortions [23, 27, 32, 33] . Energetic photons above the photodissociation threshold of deuterium and helium-4 can change the abundances of deuterium, helium-3 and helium-4 [34] [35] [36] [37] [38] [39] [40] . These energetic photons are efficient in photo-dissociating nuclei upto a redshift at which the pair-production threshold on the CMB photons is of the same order as the photo-dissociation threshold of the nuclei [38] [39] [40] . Above this critical redshift, z ≈ 3 × 10 6 for helium-4 destruction and z ≈ 3 × 10 7 for deuterium destruction, constraints become exponentially weak as most of the energy is lost to pair-production on the CMB photons instead of destruction of BBN elements [36, 38] .
Black holes emit energetic particles by Hawking evaporation [41, 42] . The effect of PBH evaporation on the CMB anisotropy power spectrum was studied in [43] [44] [45] . The authors in [43] only considered energy deposition from primary electrons, positrons and photons and neglected the decay products of heavier particles. Also, they ignored the evolution of energy spectra during black hole evaporation. The authors of [44] derived constraints for PBH in mass range 10 15 − 10 17 g with 6 cosmological parameters [46] fixed. The authors in [45] provided CMB anisotropy constraints for monochromatic PBHs, taking into account secondary photons, electron-positron pairs after hadronization from quarks and gluons. For the energy deposition of high energy electromagnetic particles to the background medium, the authors of [43] [44] [45] used the result of [47] . Similar analysis was performed in [48] but with on-the-spot approximation which means that any energy injected at a particular redshift is deposited to the background baryon-photon fluid at that particular redshift. The low optical depth of high energy gamma rays [20] implies that the energetic photons deposit their energy gradually over an extended period of time. The authors in [49] derived constraints for PBHs in the mass range 10 15 − 10 17 g without the on-the-spot approximation and using the result of [47] . It was recently shown that some of the energy inject even at z ∼ 10000 can survive until recombination and have an observable effect on the CMB anisotropy power spectrum [50] In this paper, we derive CMB anisotropy constraints using our own recent calculations [50] , by evolving the electromagnetic cascades in the expanding universe without assuming on-the-spot approximation. We extend the CMB anisotropy constraints to lower PBH mass or PBH decaying at higher redshifts upto the point at which the CMB anisotropy constraints are not competitive with the constraints from CMB spectral distortions and BBN. We find that the CMB anisotropy constraints are competitive for PBH mass 1.3 × 10 13 g, a slightly lower mass threshold than [45] . We also provide BBN constraints with a more up-to-date analysis of electromagnetic cascade with Hubble expansion taken into account [50] and obtain stronger constraints compared to [7, 51] . Our aim in this paper is to provide more accurate constraints from CMB probes and BBN. We like to point out that other cosmological signals like the global 21 cm signal [52] and astrophysical probes like gamma rays [53, 54] , cosmic rays [55] , 511 keV gamma rays line from galactic center [56] [57] [58] can give competitive or stronger constraints at the higher end of the mass range constrained by the CMB anisotropies.
We use Planck [46] cosmological parameters in all calculations.
Energy deposition from electromagnetic cascade
A high energy injected particle can boost a background electron or photon to a higher energy in a relativistic scattering. This boosted particle along with the original particle (with reduced energy compared to the original energy) can boost more background particles, creating more relativistic particles and thus causing an electromagnetic cascade. The average energy of a particle in the cascade decreases as more energetic particles are produced. In an ionized universe, these particles can only heat the background electrons. For a partially neutral medium, sub-keV photons can photo-ionize and excite neutral atoms. Electrons and positrons with energy keV boost the CMB photons through inverse Compton scattering (IC). Photons below the Lyman-alpha threshold (=10.2 eV) escape. For electrons and positrons, the energy loss rates are much faster compared to the Hubble rate [20, 30] . Therefore, electrons and positrons lose their energy instantaneously through IC to the CMB photons or as heat to background electrons. The energy loss rate of photons is comparable to the Hubble rate. Therefore, we have to evolve the photon spectrum with all the relevant scattering processes in an expanding universe. For such calculations, we have followed the approach of [20, 59, 60] . Our calculation of energy deposition of electromagnetic particles to background medium is detailed in [50] . The basic algorithm to evolve the cascades is following. We divide the energy range from ∼eV to ∼TeV in 200 log spaced energy bins. A particle, in a particular energy bin, after depositing a fraction of its energy to the background particles can only drop down to lower energy bins. Therefore, the information of subsequent electromagnetic cascade of lower energy particles can be used to calculate to full cascade evolution history of original injected particle. Starting from lowest energy bins with energy of the order of few eV, for which electrons can only heat the background medium and photons which can ionize the neutral atoms, we can compute the electromagnetic cascade and energy deposition fraction of higher energy injected particles. The calculation thus proceeds in a recursive way, from low energy to high energies. More details can be found in [50] .
Time evolution of evaporating black holes
We consider Schwarzschild black holes in this work. Since for a rotating black hole, more than 50 percent of the black hole energy is emitted when the black hole has already lost most of its spin [61] , this is a good approximation. The spectrum of the emitted particles just outside the horizon of the black hole is given by a thermal distribution with Hawking temperature (with c = = k B =1, where c is the speed of light, = h 2π , h is the Planck constant, k B is the Boltzmann constant) [7, 41] ,
where M 10 = M BH /10 10 g is the mass of black hole in units of 10 10 g. Since, the emitted particles initially propagate in the gravitational potential well of the black hole, the actual spectrum of emitted particles, far from the black hole, deviates from a pure thermal spectrum and this deviation is captured by the absorption coefficient Γ s (E, M BH , m) [62, 63] , where s is the spin of the emitted particle, E is the energy of the emitted particle, M BH is the mass of the black hole, and m is the mass of the emitted particle. The effective potential as seen by a propagating particle outside the black hole is a function of black hole mass, particle mass and particle spin [64] . With this correction, the emitted spectrum of black hole in the energy interval E and E + dE is given by,
At high energy (E >> T BH ), the absorption coefficients become independent of particle mass and spin and approach the thermal limit Γ s (E/T BH >> 1) = 27G 2 M 2 . The evaporation of the black holes changes their temperature which in turn changes the spectrum of the emitted particles. Therefore, for accurate calculation of energy cascades from black hole evaporation, we have to keep track of the black hole temperature or mass as it evaporates. The mass loss rate from evaporating black holes can be written as [65] ,
where M T i is the mass of the black hole whose temperature is equal to the mass m i of the standard model particle, where i ∈ (e, µ, π 0 , π + , u, d, s, c, τ, b, g) for electron, muon, neutral and charged pions, up quark, down quark, strange quark, charm quark, tau, bottom quark and gluon respectively, x bh = E T BH , and x bh,s is the location of the peak of the emitted instantaneous power spectrum,
The value of x bh,s for s=0,1/2, and 1 is 2.66,4.53, and 6.04 respectively [65] . We use the updated list of mass of particles from [66] . The effect of QCD phase transition is captured in [45, 48] , T QCD =300 MeV, and σ=0.1. We assume that above 300 MeV, the kinemetical mass of up and down quarks [67, 68] , quarks are freely emitted and below this energy only pions are produced as shown in Fig. 1b . For the black holes with mass M BH 10 13 g, the contribution of W and Z bosons, higgs and top quark is negligible ( Fig.  1a ) and therefore, is neglected. Freely emitted quarks, gluons, pions, muons and tau will hadronize or decay to produce secondary photons, electrons and positrons. To calculate the secondary photon, electron and positron spectrum, we have used PYTHIA 8.2 [67, 68] . We use the script available with PYTHIA 8.2 for hadronization of quarks and gluons and decay of taus, muons and any unstable hadrons produced during hadronization. The output obtained for a monochromatic particle (i.e. quark or muon injection etc.) is tabulated as spectra of stable standard model particles i.e. electrons, positrons, photons, neutrinos and stable hadrons (proton and deuterium). Any injection spectrum which is non-monochromatic can be thought of as a superposition of monochormatic energy injection and the tabulated results for monochromatic energies is used to obtain the final particle spectrum. In Fig. 2 , we plot the instantaneous spectra of emitted electron-positron pairs and photons at z=10000, when the black holes are almost intact. The temperature of black hole with mass 10 13 g is ∼ 1 GeV. The quarks and gluons produce secondary photons and electron-positron pairs which dominate the output spectrum. The peaks at high energy end is due to primary emission of photons and electron-positron pairs. For black hole mass 10 14 g, primary emission of photons, electrons and positrons dominate the output spectrum as quark, gluon, pion, and muon channels shut down.
Energy deposition from black hole evaporation
Energy injection rate from evaporating black holes is given by,
where f BH = ρ BH ρ c is the fraction PBH energy density (ρ BH ) w.r.t to the stable cold dark matter energy density (ρ c ). The energy injected in a time interval ∆t (in a redshift step ∆z) is given by,
, and H(z) is the Hubble rate. The deposited energy fraction at a redshift z is defined as,
where ∆E dep is the energy deposited during redshift interval between z and z − ∆z. The fraction of energy going into ionization of neutral hydrogen is defined as,
where ∆E H,ion ≡ ∆N H,ion × 13.6 eV and ∆N H,ion is the number of ionizations from energy injection. The energy injected by PBH is deposited in the background baryonic gas as heating, excitation of neutral hydrogen and helium, and ionization of neutral hydrogen, neutral helium, and singly ionized helium. Low energy photons with energy less than the Lyman-alpha threshold of hydrogen are not deposited to the baryonic gas and they have a completely negligible effect on the recombination process. However, we still tag them as deposited energy for the purpose of accounting. These photons must be followed separately if we want to calculate their contribution to the CMB spectral distortions. Energy deposited at a particular redshift includes contribution from energy injection at that redshift and earlier redshifts. In Fig. 3 , we plot the fraction of evaporating black holes' energy going into hydrogen ionization as a function of redshift for different values of PBH mass. To calculate the energy deposition fractions, standard recombination history [15, 16] is assumed for all cases. This is a good approximation since the modification to the recombination history due to energy injection is small, and therefore does not change the energy deposition fraction significantly. We have used the Recfast++ module [69, 70] of CosmoRec code [70] [71] [72] [73] [74] [75] [76] [77] to solve for the recombination history with energy injection due to PBHs. We have neglected excitations as they do not make a significant difference [50] . A detailed discussion on the effect of the choice of recombination code on the CMB anisotropy power spectrum can be found in [50] . For the black holes evaporating before the recombination epoch (M BH 10 13 g), a fraction of energy survives and is not deposited until after the recombination epoch, and thus can affect the CMB anisotropy power spectrum. The black holes with mass M BH > 10 14 g are mostly intact until reionization. The cuspy feature in Fig. 3 corresponds approximately to the redshift at which the black hole completely evaporates and thus injects most of its mass-energy into the plasma i.e. the redshift corresponding to the lifetime of the black hole. As can be seen from Eq. 3.3, the rate of evaporation of black hole increases as the black hole gradually evaporates. Therefore, most of the black hole's energy is evaporated in a small redshift range [78] . This substantially increases the energy deposition at the redshift where most of the black hole evaporates giving rise to an increase in the energy deposition fraction. Once the black hole has evaporated away, there is no more energy injection and the deposited energy from energy injected at earlier times gradually decreases with time.
Planck CMB anisotropy, BBN and CMB spectral distortions constraints on PBHs
We show the main results of this paper in Fig. 4 . We do a Markov chain Monte carlo (MCMC) analysis with the publicly available code COSMOMC [82] and use Recfast++ module of CosmoRec [70] to solve for the recombination history. We fit for f BH along with the 6 standard cosmological parameters [46] using Planck2015 PlikTT,TE,EE and low TEB likelihood [83] . We show 2-σ upper limits in Fig. 4 . For abundance of light elements [48] is shown. We also show spectral distortion constraints using COBE-FIRAS data [79, 80] derived in [78] as well as projection from a future PIXIE-like experiment assuming a factor of 1000 improvement over COBE-FIRAS. We also show BBN constraints from Fig. 9 of [48] which were adapted from [7, 51] , constraints from global 21 cm signal [52] , gamma rays (taken from [54] , non-spinning case), cosmic rays [55] (model A with background), and 511 keV gamma ray line from galactic center (taken from [58] ) for comparison. from BBN, we find that the abundance of helium-3 ( 3 He) gives the strongest constraints. The initial abundance of 3 He before black hole evaporation is taken to be the theoretical 2-σ lower limit prediction from BBN for Planck cosmological parameters. Constraints are obtained by allowing the maximum abundance, after creating extra 3 He from 4 He photo-dissociation, to be at the 2-σ observed upper limit. We also show the CMB spectral distortion constraints obtained in [78] from Cosmic Background Explorer-Far Infrared Absolute Spectrophotometer (COBE-FIRAS) data and projections for the Primordial Inflation Explorer (PIXIE) or similar mission assuming a factor of 1000 improvement over COBE-FIRAS.
Our results show that the Planck CMB anisotropy measurements put stronger constraints compared to the BBN and CMB spectral distortions from COBE-FIRAS [79] [81] projection from [78] . Also shown are 21 cm and 511 keV gamma rays constraints from Fig. 4 , which are the strongest constraints in the mass range 10 15 g -10 17 g. on the abundance of primordial black holes with mass M BH ≥ 1.1 × 10 13 g. This limit is slightly lower compared to the mass of 3 × 10 13 g upto which CMB anisotropy constraints were calculated in [45, 48] . A fraction of high energy photons injected before the recombination epoch can survive until the end of the recombination epoch and deposit their energy once the universe becomes neutral. The much high precision with which the CMB anisotropies are measured and the sensitivity of the CMB anisotropy power spectrum to small changes in the recombination history means that the CMB anisotropy power spectrum can provide competitive CMB anistropy constraints compared to BBN and spectral distortions even for pre-recombination energy injection. Our results agree with the results of Lucca et. al. [48] for black holes evaporating at z ∼ 1000. Lucca et. al. use on-the-spot approximation for energy deposition which is a reasonable approximation for energy injections at z ∼ 1000 but this approximation will over-estimate the deposition efficiency at lower redshifts. Therefore, we expect our constraints without on-the-spot approximation to be weaker for black holes evaporating at redshifts z <1000. Our results agree with the result of Stocker et. al. [45] for black holes with initial temperatures less than the QCD phase transition. The authors in [45] use the results of Slatyer et. al. [47] to calculate the energy deposition fractions. However, there may be possible numerical errors in taking into account QCD phase transition in [45] (see discussions in [48] ). This might explain the difference between our results and [45] for PBH mass smaller than 10 14 g, precisely at the point when the black hole temperature is of the order ∼100 MeV. We have reasonable agreement with the results of Poulter et. al. [49] who also use the results of [47] without on-the-spot approximation. For the mass range considered in [49] , temperature of black hole is below the QCD phase transition. However, the authors have made approximations such as considering the universe to be completely matter dominated below z < 3000 which would have affected their quantitative results.
We also show our BBN constraints with full evolution of electromagnetic cascades in an expanding universe. For comparison, we also plot BBN constraints from Fig. 9 of [48] which is adapted from [7, 51] . The BBN constraints in [7, 51] are derived taking into account both electromagnetic and hadronic interactions of emitted particles (electrons, positrons, photons, nucleons and antinucleons) with background electrons, photons and hadrons. Since we ignore the hadronic interactions with primordial nuclei which would also result in their destruction, our results would be expected to be slightly weaker or conservative compared to [7, 51] . Nevertheless, we would like to point out that with the current constraints on 3 He, significantly stronger constraints than the constraints in [7] are possible. The authors in [7] consider 2-σ upper bound on ratio of deuterium 2 H to hydrogen (H) abundance to be, n 2 H n H = 5.16 × 10 −5 and for ratio of 3 He to deuterium to be n 3 He n 2 H = 1.37, where n3 He , n2 H and n H are the observed helium-3, deuterium and hydrogen number density respectively. Our 2-σ upper limit on 3 He abundance is 3 He H = 1.5 × 10 −5 [84] . With the new upper limits from observations but neglecting energy going into stable nucleons, we conservatively get BBN constraints which are stronger than the constraints in [7] by upto a factor of 4-5. The BBN constraints in [7] for black hole mass below 4 × 10 11 g are due to lithium which we do not consider in this work.
We also show the CMB spectral distortion constraints from COBE-FIRAS [79] derived in [78] and projections for PIXIE [81] assuming a factor of 1000 improvement over COBE-FIRAS. The spectral distortion constraints are derived with full electromagnetic cascade evolution which can be substantially different from thermal (y, i or µ) distortions due to contributions from non-thermal relativistic particles. For primordial black holes with mass ≈ 10 13 g, the actual constraints, taking into account the actual shape of non-thermal distortions, are relaxed by a factor of 2 compared to the constraints using the yim approximation.
We also show, for comparison, the constraints from 21 cm line observations, gamma rays, cosmic rays, and 511 keV galactic gamma rays in Fig. 4 . Energy injection from primordial black hole evaporation can heat and ionize the intergalactic medium and modify the global 21 cm spin temperature evolution. Requiring that the 21 cm absorption signal during the reionization epoch does not get wiped out from electromagnetic energy injection, we can put constraints on evaporating black holes [52] . However, these constraints have to be re-derived considering EDGES [85] result which require new physics or consideration of astrophysical uncertainties. Primordial black holes evaporating today (M BH ∼ 10 15 g) emit photons and electron-positron pairs dominantly. Using the diffuse gamma ray background [54] , cosmic ray e − e + [55] and 511 keV gamma rays from annihilation of e − e + at galactic center [58] , we can put constraints on abundance of evaporating black holes in the mass range M BH 10 15 g.
Constraints on primordial power spectrum and 40 e-folds of inflation
Since PBH are formed from fluctuations of density perturbations in the early Universe, we can put constraints on the initial power spectrum from the allowed abundance of PBH [10, [86] [87] [88] [89] [90] . In Fig. 5 , we show constraints on primordial curvature power spectrum P R (k) as a function of comoving wave number (k) from CMB anisotropies and BBN calculations, done in this work, as well as PIXIE forecasts which can be in principle be stronger compared to the current BBN constraints. We also show 21 cm and 511 keV gamma rays constraints, which are the strongest constraints in the low k part of parameter space. We follow the procedure of [90] to translate the constraints on f BH to the constraints on P R (k). Mass of PBH formed in a particular epoch is given by,
where γ = 0.2 [7, 10] , ρ is the average total energy density of the Universe and 1/H is the horizon size at that epoch. In Press-Schechter theory, PBH form if the smoothed density perturbation is above a certain threshold δ c , which was derived to be 0.42 in a radiation dominated universe in [91] . The density field on smoothing scale R, δ(R), is assumed to have a gaussian distribution,
, a is the scale factor, W(k R) is a window function to smoothen the density perturbations which we assume to be Gaussian. The relative abundance of PBH is obtained by integral of the probability distribution of density perturbation with density fluctuations greater than δ c , i.e.
We can obtain β from f BH by using the relation [90] ,
where g i * is the total radiative degrees of freedom at the formation epoch of PBH. The average energy of the standard model particles or the temperature of the Universe at the formation epoch of black holes considered in this work is in the range of 10 17 eV-10 20 eV. Since, this energy scale is much higher than the mass scale of all standard model particles, we take g i * to be 106 using the standard model of particle physics. The relation to convert density perturbation to curvature perturbation is given by [92] ,
5)
with w = 1/3, where w is the equation of state in the radiation dominated era. Power spectrum of density fluctuations can then be related to power spectrum of curvature perturbation as,
We assume slow-roll like inflationary power spectrum P R (k) = P R (k 0 )( k k 0 ) n s −1 with n s ∼ 1. Obtaining σ(R) from Eq. 6.3 and substituting Eq. 6.6 in the expression of σ(R), we calculate P R (k 0 ) for a given f BH (M BH ) with k 0 = aH, where a and H are the scale factor and Hubble parameter at the time of black hole formation related to M BH by Eq. 6.1. In Fig. 5 , we provide constraints on amplitude of the primordial power spectrum from constraints on abundance of PBH obtained in this work as well as 21 cm and 511 keV galactic gamma rays constraints which are stronger in appropriate mass range. Together, these probes put an upper bound on the amplitude of the primordial power spectrum on the scales of 10 14 Mpc −1 k 10 17 Mpc −1 . The perturbations on these scales were created towards the end of inflation, about ∼ 40 e-folds after the modes observed in the CMB anisotropies and large scale structure went our of horizon during inflation. Therefore, combined with the CMB anisotropies, PBH provide a view of almost the entire inflationary history. In particular, the abundance of PBH are almost the only observational constraints on this epoch of inflation just before inflation ends. Constraints on the abundance of the PBH in the mass range 10 11 g-10 17 g nicely complement the constraints from heavier black holes (k 10 14 Mpc −1 [90] ) and CMB spectral distortions constraints from acoustic damping on the scales of k 10 4 Mpc −1 [93] .
Conclusions
In this work, we provide CMB anisotropy power spectrum constraints and BBN constraints on evaporating black holes with our own calculations of the evolution of the electromagnetic particle cascade in an expanding universe. Our constraints are based on the precise treatment of electromagnetic cascades in a consistent framework for all three data sets relevant during and before recombination, namely, CMB anisotropies, spectral distortions, and BBN abundances of elements. We have shown that the CMB anisotropies can constrain black holes with slightly lower mass compared to the previous calculations. We obtain good agreement with previous literature in the regime where the approximations used in those calculations are reasonable. We also provide BBN constraints with more up-to-date observational values of helium-3 abundance. Even with a factor of 1000 improvement in future with PIXIE-like mission, CMB anisotropies will still provide stronger constraints for M BH ≥ 10 13 g. Our work, in particular, fills the small gap that existed between the BBN/spectral distortions constraints and CMB anisotropy constraints. Even though the black holes considered in this paper would have been completely evaporated by now, the limits on their existence in the early universe provide important constraints on perturbations generated during the last stages of inflation corresponding to the modes on scales 10 14 Mpc −1 k 10 17 Mpc −1 , ∼ 40 e-folds after the modes we observe in the CMB anisotropies and large scale structure of the Universe went out of horizon during inflation.
